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The cerebellum is a brain structure involved in the coordination, control and learning of movements,
and elucidation of its function is an important issue. Japanese scholars have made seminal
contributions in this field of neuroscience. Electrophysiological studies of the cerebellum have a long
history in Japan since the pioneering works by Ito and Sasaki. Elucidation of the basic circuit diagram
of the cerebellum in the 1960s was followed by the construction of cerebellar network theories and
finding of their neural correlates in the 1970s. A theoretically predicted synaptic plasticity, long-term
depression (L'TD) at parallel fibre to Purkinje cell synapse, was demonstrated experimentally in 1982
by Ito and co-workers. Since then, Japanese neuroscientists from various disciplines participated in
this field and have made major contributions to elucidate molecular mechanisms underlying LTD.
An important pathway for LTD induction is type-1 metabotropic glutamate receptor (mGluR1) and
its downstream signal transduction in Purkinje cells. Sugiyama and co-workers demonstrated the
presence of mGluRs and Nakanishi and his pupils identified the molecular structures and functions
of the mGluR family. Moreover, the authors contributed to the discovery and elucidation of several
novel functions of mGluR1 in cerebellar Purkinje cells. mGIluR1 turned out to be crucial for the
release of endocannabinoid from Purkinje cells and the resultant retrograde suppression of
transmitter release. It was also found that mGluR1 and its downstream signal transduction in
Purkinje cells are indispensable for the elimination of redundant synapses during post-natal
cerebellar development. This article overviews the seminal works by Japanese neuroscientists,
focusing on mGluR1 signalling in cerebellar Purkinje cells.
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1. INTRODUCTION

The cerebellum is a brain structure involved in the
coordination, control and learning of movements, and
elucidation of its function is an important issue in
neuroscience. Japan has a long history of electrophysio-
logical study of the cerebellum particularly since the
pioneering work by two pupils of Sir John Eccles, Masao
Ito and Kazuo Sasaki. After return from Eccles’ laboratory
in Canberra, Australia, Masao Ito discovered that the
Purkinje cell, the principal cell type solely constituting
the output of the cerebellar cortex, is an inhibitory neuron
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(Ito & Yoshida 1964, 1966; Ito et al. 1964, 1966) and
uses yY-aminobutyric acid (GABA) as its neurotransmitter
(Obataetal. 1967). Since it was believed in the early 1960s
that all principal neurons were excitatory and only local
interneurons were inhibitory, Ito’s discovery that the
principal neuron of the cerebellar cortex is inhibitory was a
great surprise. By using a microelectrode technique,
Sasaki studied the neuronal circuit of the cerebellar cortex
very intensively with Eccles, Llinas and Strata in
Canberra. They clarified the synaptic actions of four
types of interneurons in the cerebellar cortex (i.e. granule,
basket, stellate and Golgi cells (Eccles ez al. 1966b,¢,d,e,f,
1967b)), as well as those of mossy and climbing fibres, the
two major inputs to the cerebellar cortex (Eccles er al.
1966a,d, 1967c; Sasaki & Strata 1967). By the end of
the 1960s, the basic neuronal circuit of the cerebellum was
dissected in detail both electrophysiologically and
morphologically, as documented in the monographs
(Eccles et al. 1967a; Palay & Chan-Palay 1974; Ito
1984). Purkinje cells in the cerebellar cortex receive two
distinct excitatory inputs, namely parallel and climbing
fibres. Parallel fibres are the axons of granule cells in the
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cerebellar cortex and form synapses on the spines of
the Purkinje cell’s dendrites. Synaptic inputs from
individual parallel fibres are weak, but the number of
parallel fibres innervating a single Purkinje cell counts as
many as 100 000-200 000. Granule cells are driven by the
excitatory inputs from mossy fibres originating from
various precerebellar nuclei such as the pontine nuclei.
On the other hand, climbing fibres originate from the
inferior olive in the contralateral medulla and form
contacts directly on Purkinje cells. In contrast to parallel
fibres, only one climbing fibre innervates a single Purkinje
cell in the adult cerebellum but each climbing fibre makes
strong synaptic contacts on the Purkinje cell’s proximal
dendrites. Purkinje cells in turn form inhibitory synaptic
contacts on neurons in the deep cerebellar and vestibular
nuclei. After the dissection of the basic neuronal network
of the cerebellum, the main interest of researchers shifted
to uncovering the elaborate neuronal mechanisms of
the cerebellum and defining its roles in the entire
nervous system function. Ito proceeded in the former
direction and discovered long-term depression (LTD) as
detailed below, while Sasaki advanced in the latter
direction and studied the roles of the cerebro-cerebellar
communication loop.

2. LONG-TERM DEPRESSION

(a) Discovery of LTD

Marr proposed in his epoch-making network theory
of the cerebellar cortex that conjunctive activation of
certain parallel and climbing fibre synapses on the same
Purkinje cell leads to long-term potentiation of these
parallel fibre synapses (Marr 1969). Later, Albus
suggested that depression rather than potentiation is
expected to occur following conjunctive parallel and
climbing fibre activation, in view of the stable operation
of the system (Albus 1971). Ito and co-workers found
that in the flocculus, an evolutionally old part of the
cerebellum, mossy fibres arising from vestibular organs
and climbing fibres conveying visual information from
the retina converge on Purkinje cells (Fukuda ez al
1972; Ito 1972; Maekawa & Simpson 1973). Inspired by
the theoretical works by Marr (1969) and Albus (1971),
Ito proposed a hypothesis that the cerebellar flocculus
adaptively controls the gain of the vestibulo-ocular reflex
depending on the retinal error signals conveyed by the
climbing fibre inputs to the flocculus (Ito 1970, 1972,
1982). This ‘flocculus hypothesis’ is based on plasticity
assumption, i.e. the strength of parallel fibre to Purkinje
cell synapse is modified when these synapses are
activated conjunctively with climbing fibre synaptic
inputs. It has been shown that, during the adaptation
of vestibulo-ocular reflex, Purkinje cell firing frequency
in the flocculus undergoes changes in the manner
predicted by Albus’ hypothesis (Ghelarducci et al.
1975; Dufosse et al. 1978). As well, Gilbert and Thach
showed that, in monkeys adapting to compensate for
a sudden change in arm load, Purkinje cells changed
their firings in the manner predicted by Albus’
hypothesis (Gilbert & Thach 1977). Despite these
lines of circumstantial evidence, the direct demon-
stration of the plasticity at parallel fibre to Purkinje cell
synapse did not occur until the demonstration of LTD
by Ito er al. (1982). In decerebrate rabbits, they showed
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that the responses of flocculus Purkinje cells to vestibular
nerve stimulation undergoes L'TD after the vestibular
nerve stimulation is applied conjunctively with the
stimulation of the contralateral inferior olive at 4 Hz
for 25 s (Ito et al. 1982). Moreover, it turned out that
LTD can be induced by the repeated stimulation of
parallel fibres in conjunction with climbing fibres in
decerebrate rabbits (Ito & Kano 1982; Ekerot & Kano
1985, 1989). These observations confirmed the validity
of the Marr-Albus-Ito’s synaptic plasticity assumption.
Subsequently, Sakurai demonstrated L'TD in cerebellar
slice preparations from rat (Sakurai 1987) and that LTD
requires an elevation of intracellular Ca®>" level in the
Purkinje cell (Sakurai 1990). Hirano demonstrated
LTD in cultured Purkinje cells (Hirano 1990). The
demonstration of LTD in such reduced preparations
paved the way for the researches seeking for molecular
mechanisms of LTD in the 1990s.

Because parallel fibres were thought to use glutamate
as their neurotransmitter, Kano and Kato explored
the subtype of glutamate receptors involved in LTD
(Kano & Kato 1987). In the middle of the 1980s, it was
thought that glutamate receptors were classified into at
least three subtypes: N-methyl-D-aspartate (NMDA),
quisqualate, and kainate receptors (Foster & Fagg
1988). The clear concept of metabotropic glutamate
receptor was not yet established at that time while it had
already been shown that glutamate stimulation can
enhance inositol phosphate turnover in nervous tissues
(Sladeczek et al. 1985; Nicoletti et al. 1986). In addition,
many subtype-specific antagonists that are widely used
today were not developed. Therefore, we examined
which of the glutamate agonists available at that time
could induce LTD of parallel fibre to Purkinje cell
synaptic transmission after an agonist was iontophoreti-
cally applied to parallel fibre synapses in conjunction
with climbing fibre stimulation. The order of potency
to induce LTD turned out to be quisqualate > glutama-
te > kainite and aspartate (Kano & Kato 1987). This
order of preference did not match that of any glutamate
receptor subtype known at that time (Foster & Fagg
1988). Therefore, this result indicated that LTD
induction requires a novel subtype of glutamate receptor
that is highly sensitive to quisqualate.

(b) Identification of metabotropic

glutamate receptor

Sugiyama et al. (1987) demonstrated the presence of
metabotropic glutamate receptor that is coupled to G
protein, which activates inositol phospholipid meta-
bolism and mobilizes Ca®** from internal stores. When
injected with mRNA from rat brain, Xenopus oocytes
expressed a novel type of glutamate receptor that
activated Ca®*-dependent Cl currents due to inositol
trisphosphate (IP;)-induced Ca®™" release from internal
stores. Masu er al. (1991) reported the cloning and
characterization of cDNA for type-1 metabotropic
glutamate receptor (mGluR1) that is coupled to IP5/
Ca®" signal transduction. Importantly, mGluR1 is
richly expressed in cerebellar Purkinje cells and has
an agonist preference of the order of quisqualate>
glutamate >> kainite (Masu ez al. 1991; Aramori &
Nakanishi 1992). Therefore, mGluR1 appeared to
correspond to the ‘quisqualate receptor’ demonstrated
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to be involved in cerebellar LTD (Kano & Kato 1987).
After the identification of mGIluR1, seven other
members of mGluRs have been identified, and they are
classified into three groups (Conn & Pin 1997). Group 1
consists of mGluR1 and mGIuR5 and is coupled to the
G protein G, family (G, and Gy;) that mediates IP5-
induced Ca®* mobilization and the activation of protein
kinase C (PKC). Group II consists of mGIluR2 and
mGluR3 and is coupled to the Gy, protein. Group III
consists of mGluR4, mGluR6, mGIuR7 and mGIuRS8
and is also coupled to the G;,, protein.

(¢) Requivement of mGluR1 in LTD induction

In the meantime, Linden ez al. (1991) showed pharma-
cologically that quisqualate-preferring glutamate
receptors were involved in the LTD of the glutamate
responsiveness of cultured cerebellar Purkinje cells.
Crepel ez al. (1991) also reported that an mGluR agonist
induced LTD-like persistent reduction of parallel fibre to
Purkinje cell synaptic transmission in cerebellar slice
preparation. Shigemoto er al. (1994) raised antibodies
against mGluR1, which functionally block mGluR1-
mediated Ca®?" mobilization. They showed that these
antibodies blocked LTD of the glutamate responsiveness
of cultured cerebellar Purkinje cells. Meanwhile, Atsu
Aiba produced an mGluR1 knockout mouse in Susumu
Tonegawa’s laboratory. In collaboration with Kano,
Aiba observed that LTD is deficient in the mGluR1
knockout mice, yet the morphology of the cerebellum
and the basic properties of excitatory synaptic trans-
mission were apparently normal (Aiba er al 1994).
In addition, Aiba ez al. (1994) observed that the mGluR1
knockout mice were ataxic, displayed motor disco-
ordination, and were impaired in delay eyeblink
conditioning, a paradigm known to require intact
cerebellum and thought to represent learning of an
elementary movement (discrete motor learning). There-
fore, the mGluR1 knockout mouse is the first mouse
model whose phenotypes support the notion that LTD at
parallel fibre to Purkinje cell synapse is a cellular basis of
cerebellum-dependent discrete motor learning. Conquet
etal. (1994) also reported in the same year that cerebellar
LTD was deficient in mice lacking mGluR1. After he
returned to Japan, Aiba and co-workers created a mouse
strain in which mGluR1 is expressed only in cerebellar
Purkinje cells (Ichise er al. 2000). They introduced rat
mGluR1a (full-length mGIuR1 splice variant) into the
mGluR1 knockout mouse by using a Purkinje cell-
specific promoter, 7. This mGluR1-rescue mouse
exhibits apparently normal motor coordination,
although the mGluR1 expression level is approximately
1/40 of that of the wild-type (Ichise er al. 2000).
Importantly, both cerebellar LTD (Ichise er al
2000) and delay eyeblink conditioning (Kishimoto
et al. 2002) are restored in the mGluR1-rescue mouse,
indicating that mGIluR1 in Purkinje cell is responsible
for cerebellar LTD and discrete motor learning.

Then, how is mGluR1 activated by synaptic activity?
Immunoelectron microscopic examinations demonstrate
that mGIuR1 is localized in the perisynaptic annuli
of the Purkinje cell dendritic spines facing parallel
fibre synaptic terminals (Baude ez al. 1993; Nusser ez al.
1994; Petralia er al. 1998; Lopez-Bendito ez al. 2001).
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Therefore, glutamate released from parallel fibre
synaptic terminals is expected to activate mGIuR1 at
the spine annuli. Consistent with this expectation, strong
repetitive stimulation of parallel fibres was shown to evoke
an mGluR1-mediated excitatory postsynaptic potential
(EPSP) in the Purkinje cells (Batchelor er al. 1994;
Batchelor & Garthwaite 1997). In 1998, two groups
independently demonstrated that a brief train of parallel
fibre stimulation induces mGluR1-mediated local Ca®*
release from the internal stores that is confined to
the dendritic region receiving activated parallel fibre
inputs (Finch & Augustine 1998; Takechi et al. 1998).
These results clearly indicate that mGluR1 can be
activated by parallel fibre activity at Purkinje cell dendritic
spines. Therefore, mGluR1 is thought to be activated
at parallel fibre synapses during conjunctive activation
of parallel and climbing fibre inputs for inducing LTD.

(d) Modulation of mGluR1 signalling may
influence LTD induction

Glutamate is thought to be the primary activator of
mGluRs # vivo. However, it was clarified that mGluR1
activity could be modulated by extracellular factors
other than glutamate. Kubo ez al. (1998) found an
unexpected phenomenon that mGluRs can be acti-
vated by extracellular Ca?' in the absence of
glutamate. Tabata er al. (2002) have demonstrated
that extracellular Ca®" significantly broadens the
dynamic range of mGluR1-mediated responses to its
agonist in cultured Purkinje cells. Hirono ez al. (20015)
reported that the mGluR1-mediated responses of
Purkinje cells in cerebellar slices were enhanced by
the activation of type-B y-aminobutyric acid receptor
(GABAgR). This effect was mediated by the Gy,
protein (Hirono er al. 200156). GABAgR is localized
perisynaptically at excitatory parallel fibre synapses on
Purkinje cell dendritic spines where mGIluR1 is
concentrated (Kulik ez al. 2002). In addition to the
G;,, protein-mediated enhancement, Tabata ez al
(2004) have shown that GABAgR activation enhances
the mGluR1-mediated responses of cultured Purkinje
cells through the G;, protein-independent direct
interaction between GABAgR and mGluR1. Surpris-
ingly, this GABAgR-mGIluR1 interaction occurs in the
absence of GABA but is caused by extracellular Ca*"
(Tabata er al. 2004), indicating that GABAgR can act
as Ca®"-dependent cofactor of mGluR1 signalling in
the Purkinje cells. These data suggest that LTD
induction may be influenced by the GABAgR activity
through Gj,, protein-dependent and/or -independent
pathway. In support of this hypothesis, Tabata ez al.
(2004) showed that blockade of GABAER reduced the
magnitude of LTD in cultured Purkinje cells. Further-
more, more direct evidence has been recently provided
by Kamikubo ez al. (2007) that in cultured Purkinje
cells, GABAgR activation enhanced LTD in a Gy,
protein-dependent manner.

Besides the interplay with GABAgR, mGluR1 has
been reported to interact with Gj, protein-coupled
A -subtype adenosine receptor (AlR; Tabata er al
2007). Tabata et al. reported that the agonists for A1R
induced continuous depression of an mGluR1-coupled
inward current. This inhibitory effect from AlR to
mGluR1 was independent of Gy, protein, suggesting a
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direct interaction between the two receptors. This A1R—
mGluR1 interaction might influence the induction of
LTD (Tabata et al. 2007).

Jin et al. (2007) recently reported that mGluR1-
mediated slow excitatory postsynaptic current (EPSC)
and its coincident Ca** transient after a brief burst of
parallel fibres were selectively and persistently
depressed by repeated climbing fibre-evoked depolar-
ization of Purkinje cells. This ‘LTD’ of mGluR1
responses (LTD(mGIuR1)) blocked subsequent
induction of LTD of AMPA receptor-mediated EPSC
at parallel fibre-Purkinje cell synapses (Jin ez al. 2007).
Thus, LTD(mGIuR1) may have a metaplastic func-
tion, blocking induction of AMPA receptor LTD.

(e) Signalling molecules downstream of mGluR1
required for LTD induction
The mGIluR1 downstream signalling cascade involved
in LTD induction was studied by using mutant mice
lacking the candidate molecules. mGluR1 is coupled to
the G protein Gy family (G4 and Gy,), which activates
the B isoforms of phospholipase C (PLC), produces
diacylglycerol (DG) and IP3, and leads to DG-
mediated activation of PKC and IP;-mediated Ca®*
release from internal stores (Conn & Pin 1997).
Immunohistochemical studies indicate that Gog and
Ga;; are concentrated in the perisynaptic region of the
Purkinje cell dendritic spines where mGIuRl1 is
localized (Tanaka er al. 2000). Hartmann er al
(2004) have demonstrated that a Gog-knockout
mouse exhibits clear ataxia, deficient mGluRI1-
mediated Ca2?™ mobilization, deficient LTD and
impaired motor learning. By contrast, a Ga;; knockout
mouse has no apparent ataxia and normal mGluR1-
mediated Ca®?" mobilization but exhibits mild impair-
ment of LTD and mild motor deficit (Hartmann ez al.
2004). These results can be attributed to the fact that
the expression level of Ga, is more than 10-fold higher
than that of Goi;; in the Purkinje cells (Hartmann ez al.
2004) despite their overlapping subcellular localization
(Tanaka er al. 2000). These results unequivocally
indicate that both Gog and Go,;; mediate mGluR1
signalling and LTD induction within Purkinje cells.
In situ hybridization and immunohistochemical
studies indicate that Purkinje cells in the rostral
cerebellum mainly express PLLCB4, whereas those in
the caudal cerebellum mainly have PLLCB3 (Kano ez al.
1998; Nakamura er al. 2004). Miyata er al. (2001)
analysed the PLCR4 knockout mice and found
that both mGluR1-mediated Ca®?" mobilization and
LTD were deficient in the rostral cerebellum, whereas
these responses were intact in the caudal cerebellum.
Hirono er al. (2001a) confirmed the observation by
Miyata er al. by analysing the other strain of PLCp4
knockout mice. Importantly, Miyata er al. (2001)
showed that delay eyeblink conditioning was severely
impaired in the PLLCB4 knockout mice. Since lobule
simplex or lobule HVI of Larsell, a part of the cerebellar
cortex with rich PLCP4 expression in the Purkinje
cells, is crucial for delay eyeblink conditioning
(Hesslow & Yeo 1998), these results indicate that
PLCpB4 is crucial for LTD and discrete motor learning
in the rostral cerebellum.
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Several pharmacological data in the 1990s suggest that
PKC is involved in LTD induction (Crepel & Jaillard
1990; Linden & Connor 1991; Hartell 1994; Freeman
etal. 1998). Importantly, a transgenic mouse expressing a
PKC inhibitor peptide, PKC-[19-31] in the Purkinje
cellsdisplaysno LTD (De Zeeuw ez al. 1998). Among the
four classical PKC isoforms (o, BI, BII and y) whose
activation requires Ca>" elevation, PKCa, PKCBI and
PKCy are strongly expressed in the Purkinje cells of the
entire cerebellum (Hirono ez al. 2001a). Although PKCy
knockout mice display ataxia and a defect in develop-
mental synapse elimination (see below; Kano eral. 1995),
LTD was intact in their Purkinje cells (Chen ez al. 1995).
Therefore, PKCa and/or PKCPBI may be the probable
candidate that plays a role in LTD induction.

IP;-induced Ca®" release is also shown to be
required for LTD induction in cerebellar slices
(Hemart ez al. 1995; Khodakhah & Armstrong 1997;
Inoue er al. 1998; Daniel er al. 1999; Miyata et al
2000), although it is not required for LTD of glutamate
responsiveness in certain cultured Purkinje cell
preparations (Narasimhan ez al. 1998). Several studies
indicate that pharmacological blockade of IP3
receptors or depletion of Ca®" stores blocks LTD or
LTD-like synaptic depression in cerebellar slices
(Hemart er al. 1995; Khodakhah & Armstrong 1997;
Inoue ez al. 1998). Mikoshiba and co-workers created a
type-1 IP3 receptor knockout mouse that exhibits
seizure and ataxia and mostly dies during the first
three post-natal weeks. LTD is clearly deficient in the
Purkinje cells in cerebellar slices from the type-1
IP3; receptor knockout mice (Inoue et al 1998).
Furthermore, Miyata er al. (2000) demonstrated that
IP;-mediated Ca®* signalling in the Purkinje cell
dendritic spines and concomitantly LTD were absent
in those mice and rats with mutations in myosin Va, in
which the endoplasmic reticulum did not enter the
dendritic spines. LTD was restored in these animals by
photolysis of caged Ca®" compound in the Purkinje
cells (Miyata ez al. 2000). Daniel ez al. (1999) showed
that photolytic release of IP; restored L'TD in the
mGluR1 knockout mice and this LTD was sensitive to
a PKC inhibitor. These results unequivocally indicate
that IPs-induced local Ca®" release within Purkinje
cell dendritic spines is crucial for LTD induction.

Figure 1 summarizes and schematically illustrates
how mGIuR1 and its downstream signal transduction
cascade are involved in LTD induction. Other receptors
and signalling molecules such as glutamate receptor 62
subunit (GluRd32) and nitric oxide known to be involved
in LTD are not illustrated here for simplicity. The details
of signal transduction underlying LTD are described in
recent reviews (Ito 2001, 2002). However, the putative
final common path to L'TD is included in figure 1. It has
been demonstrated that LTD results from the internal-
ization of a-amino-3-hydroxy-5-methyl-4-isoxazolepro-
pionic acid (AMPA)-type glutamate receptors from the
postsynaptic membrane of the parallel fibre to Purkinje
cell synapses (Matsuda et al. 2000; Wang & Linden
2000; Xia et al. 2000). This internalization is caused
by the PKC-dependent phosphorylation of Ser880
of AMPA receptor GluR2 subunit. This leads to the
unbinding of GluR2 from glutamate receptor-interacting
protein (GRIP), which usually anchors AMPA receptors
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Figure 1. Contribution of mGIluR1 to LTD induction. LTD is ind

uced following conjunctive activation of parallel and climbing fibre

synapses. During LTD induction, glutamate released from parallel fibre terminals binds to mGluR1 at the perisynaptic region of
Purkinje cell dendritic spines. The molecular cascade involving G4 and PL.CpB4 is activated in the spines, and DG and IP; are

produced. IP; triggers Ca®" release from internal stores in t

he spines. Climbing fibre-induced depolarization of Purkinje cell

dendrites opens voltage-gated Ca®* channels (VGCC) and induces Ca®" influx. As a result of these two events, local Ca®* levels
in the spines are elevated such that they can activate PKC together with DG. PKC phosphorylates Ser880 of the GluR2 subunit of
AMPA receptor, and then the phosphorylated AMPA receptors are internalized. GABAgR activated presumably by extracellular
Ca** and/or ambient GABA spilt over from neighbouring inhibitory synapses enhances mGluR1 signalling through its direct
interaction with mGluR1 and/or through the action of Gy, protein. AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic

acid receptor.

to cytoskeleton lining the postsynaptic membrane
(Matsuda er al. 2000). As described above, Japanese
neuroscientists have made major contributions to the
elucidation of the LTD signal transduction cascade as
illustrated in figure 1.

3. ENDOCANNABINOID SIGNALLING

(a) Retrograde synaptic suppression triggered
by postsynaptic mGluR1 activation

It has been shown that bath application of mGluR1
agonists to a cerebellar slice induces presynaptic
inhibition of excitatory inputs to Purkinje cells (Conquet
et al. 1994; Maejima er al. 2001). However, since
mGluR1 is not detected at excitatory presynaptic
terminals in immunoelectron microscopic studies
(Baude ez al. 1993; Nusser er al. 1994; Petralia er al.
1998; Lopez-Bendito ez al. 2001), how mGluR1 agonists
affect glutamate release from presynaptic terminals was a
puzzling problem. Maejima er al. (2001) at our
laboratory injected a non-hydrolyzable analogue of
GTP or GDP (GTPy-S or GDPB-S) into the recorded
Purkinje cell through a patch-clamp recording pipette
and inactivated the G-protein signalling. This manipu-
lation completely eliminated the presynaptic inhibition
of climbing fibre-mediated EPSCs induced by the
mGluR1 agonist 3,5-dihydroxyphenylglycine (DHPG;
Maejima ez al. 2001). This result unequivocally indicates
that mGluR1 signalling in the postsynaptic Purkinje cell
is responsible for the presynaptic inhibition. Therefore,
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some retrograded messenger must exist that transmits
signals from Purkinje cells to climbing fibre terminals.
After a 3-year struggle, we have finally revealed that
antagonists of cannabinoid CB1 receptor abolish the
DHPG-induced presynaptic suppression (Maejima ez al.
2001), indicating that endogenous cannabinoids (endo-
cannabinoids) mediate the retrograde signal.

(b) An endocannabinoid, 2-arachidonoylglycerol,
as a retrograde messenger

Five months prior to Maejima’s report, the three groups
including the authors’ laboratory published indepen-
dently and simultaneously that strong depolarization and
the resultant elevation of intracellular Ca®* concen-
tration in hippocampal neurons (Ohno-Shosaku ez al.
2001; Wilson & Nicoll 2001) and cerebellar Purkinje
cells (Kreitzer & Regehr 2001) produce endocannabi-
noids, which in turn retrogradely suppress transmitter
release from inhibitory and excitatory presynaptic
terminals. These phenomena, termed depolarization-
induced suppression of inhibition (DSI) and excitation
(DSE), can be triggered by Ca®" elevation alone
without the activation of mGIluRs. By contrast,
mGluR1-mediated endocannabinoid release occurs
even in the Purkinje cells dialysed with the Ca® ™" chelator
BAPTA (Maejima ez al. 2001), indicating that mGluR1
activation produces endocannabinoids without the
elevation of Ca?*. These results indicate that there are
two distinct modes of endocan-nabinoid release from
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Figure 2. Contribution of mGIuRI to endocannabinoid signalling. A brief burst of parallel fibre stimulation causes the release of a
sufficient amount of glutamate to activate mGluR1 and induce Ca?* influx through voltage-gated Ca?* channels opened by
AMPA receptor-mediated local depolarization. Then, G4 and Ca®" synergistically activate PLCP4. When climbing fibre
stimulation is paired with parallel fibre stimulation, a shorter burst (e.g. two pulses) is sufficient to activate PLCB4 because the
Ca®" flowing into the dendrites by climbing fibre-induced depolarization further sensitizes PLCp4. Activated PLCB4 produces
DG, which in turn is converted to the endocannabinoid 2-AG by diacylglycerol lipase (DGL). 2-AG is released from the

postsynaptic membrane and retrogradely binds to CB1 receptors at the parallel fibre terminals. Activated CB1 suppresses the

release of glutamate presumably inhibiting voltage-gated Ca®

channels and release machinery in the presynaptic terminals.

AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor.

neurons. Later, it was shown that Ca®™ elevation and
activation of Gg/q;-coupled receptors cooperatively
produce endocannabinoids in hippocampal neurons
(Ohno-Shosaku ez al. 2002, 2003; Varma ez al. 2002).
Hashimotodani ez al. (2005) at our laboratory have
revealed that this cooperativity is attributable to PLCf
activity that depends on both intracellular Ca®*t and
Gg/11 protein. In cerebellar Purkinje cells, a brief burst of
parallel fibre stimulation causes mGluR1 activation and
local Ca®?" elevation due to AMPA receptor-mediated
depolarization, and induces endocannabinoid-mediated
retrograde suppression of glutamate release from
parallel fibres (Maejima et al. 2001; Brown ez al. 2003;
Marcaggi & Attwell 2005, 2007). We have demonstrated
that this suppression results from the Ca®* dependency
of PLCB4 (Maejima et al. 2005). We also show that
mGIluR1 activation combined with depolarization
leads to the production of an endocannabinoid,
2-arachidonoyl glycerol (2-AG) (Maejima er al. 2005),
which is known to be produced from DG by
diacylglycerol lipase (Sugiura et al. 2006). Brenowits
and Regehr observed that coactivation of parallel and
climbing fibres markedly facilitated endocannabinoid-
mediated suppression of the parallel fibre synapses,
presumably owing to the cooperativity of parallel fibre-
induced mGluR1 activation and climbing fibre-
induced Ca®" elevation (Brenowitz & Regehr 2005).
Thus, endocannabinoid-mediated retrograde suppres-
sion, dependent on both mGluR1 and Ca®*, may
constitute a local negative feedback loop to prevent
the hyper-excitation of Purkinje cells. Figure 2
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schematically illustrates how this putative negative
feedback loop works at parallel fibre to Purkinje
cell synapses.

(¢) Endocannabinoid signalling involved in
cevebellar LTD and motor learning
Endocannabinoid signalling is also involved in the LTD
of parallel fibre to Purkinje cell synapses. Safo and Regehr
observed that LTD was blocked by a CB1 receptor
antagonist and inhibiting diacylglycerol lipase, and LTD
was deficient in a CB1 knockout mouse (Safo & Regehr
2005). Although the CB1 knockout mouse exhibits no
apparent deficit in motor coordination, Kishimoto &
Kano (2006) found that delay eyeblink conditioning was
severely impaired in these mice and in wild-type mice
injected with a CB1 antagonist. These results suggest that
mGluR1-dependent endocannabinoid signalling is
required for LTD induction and cerebellum-dependent
discrete motor learning.

4. SYNAPSE ELIMINATION

(a) Maturation of climbing fibre synapses during
post-natal development

A widely accepted scheme of functional neural circuit
formation during post-natal development is that imma-
ture neurons initially make synaptic connections not only
to their final targets, but also to other neurons. Then,
functionally important synapses are strengthened, and
less important synapses are weakened relative to the
important ones. The weakened synapses are finally
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eliminated morphologically (Purves & Lichtman 1980;
Lichtman & Colman 2000). The climbing fibre to
Purkinje cell synapse is a typical example in the CNS,
which undergoes such changes during post-natal
development. In early post-natal days, all Purkinje cells
are innervated by multiple climbing fibres (multiple
innervation) (Crepel ezal. 1976; Crepel 1982; Lohof ez al.
1996). These surplus climbing fibres are eliminated
eventually with the progress of post-natal development,
and most Purkinje cells become innervated by single
climbing fibres (mono-innervation) by the end of the
third post-natal week in mice (Kano ez al. 1995, 1997,
1998; Offermanns ez al. 1997).

In the mature cerebellum, a single climbing fibre
forms synapses on the proximal dendrites of a Purkinje
cell. Stimulation of such a mono-innervating climbing
fibre elicits very large EPSPs that are enough to activate
voltage-gated Ca®*' channels over whole dendrites
(Konnerth ez al. 1992; Miyakawa er al. 1992; Hashimoto
et al. 2001a). By contrast, multiple climbing fibres
initially form synapses around the somata of Purkinje
cells in newborn mice (Chedotal & Sotelo 1993;
Morando et al. 2001). EPSCs elicited by stimulating
such multiply innervating climbing fibres are much
smaller than those of mature climbing fibres (Kano ez al.
1995, 1997, 1998; Hashimoto & Kano 2003). Therefore
climbing fibre inputs become stronger during post-natal
development, while redundant climbing fibres are
eliminated during the same period. Mariani and
Changeux showed that some Purkinje cells had two
climbing fibre-mediated EPSPs, the amplitudes of which
were quite different around P10-P13 (Mariani &
Changeux 1981), suggesting that only one climbing
fibre is strengthened relative to others prior to the
completion of synapse elimination.

We analysed changes in the relative synaptic
strengths of multiple climbing fibres innervating the
same Purkinje cell in mice (Hashimoto & Kano 2003).
In the Purkinje cells from newborn mice, the ampli-
tudes of climbing fibre-mediated EPSCs (CF-EPSCs)
are similar, indicating that multiple climbing fibres
have similar strengths. In the Purkinje cells from mice
of approximately two weeks of age, one CF-EPSC is
much larger than other few CF-EPSCs. Our detailed
quantitative analysis of the developmental course
indicates that the disparity among multiply innervating
CF-EPSC amplitudes progressively becomes lager
from P3 to P6 and reaches a plateau after P7
(Hashimoto & Kano 2003). A morphological study
by Sugihara has shown that the innervation pattern of
climbing fibres over Purkinje cells drastically changes
during this post-natal period in rats. At P4, climbing
fibres have many creeping terminals in the Purkinje
cell layer and their swellings do not aggregate at
particular Purkinje cell somata (creeper type). Then,
from P4 to P7, climbing fibres surround several specific
Purkinje cell somata and form aggregated terminals on
them (nest type; Sugihara 2005). This result indicates
that one of the multiple climbing fibres innervating the
same Purkinje cell is strengthened during the first post-
natal week (Hashimoto & Kano 2003).

By contrast, Scelfo and Strata reported a conflict-
ing result that the disparity among multiply innerva-
ting CF-EPSC amplitudes becomes smaller from
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P4 to P7, and then progressively increases from
P7 to P10 (Scelfo & Strata 2005). The reason for the
apparent discrepancy between the two reports is not
clear. One possibility is a difference between prep-
arations and/or techniques used in these studies. Scelfo
and Strata reported that the average number of
climbing fibres innervating individual Purkinje cells at
P4-P7 was approximately 3.3 in CD1 mice. This value
is much smaller than that of our measurements in
C57BL/6 mice (approx. 5.9; Hashimoto & Kano
2005). This may be attributed to the difference in
mouse strain (Scelfo & Strata 2005). Alternately, Scefo
and Strata might have missed more climbing fibres than
we might have when searching for multiple climbing
fibres innervating individual Purkinje cells.

We examined the physiological parameters of
CF-EPSCs among the strongest and weaker climbing
fibre inputs in individual multiply innervated Purkinje
cells as well as those of the single climbing fibre inputs in
mono-innervated Purkinje cells. The size of glutamate
transients at the synaptic clefts from weaker climbing
fibres were consistently smaller than those for the
strongest climbing fibres (Hashimoto & Kano 2003).
This difference is attributable to the fact that the number
of simultaneously released vesicles is smaller (i.e. the
probability of multivesicular release is lower in weaker
climbing fibres) when compared with the strongest
climbing fibre innervating the same Purkinje cell
or climbing fibres of mono-innervated Purkinje cells.
The occurrence of multivesicular release is affected by
the release probability and the number of release sites.
We show that the paired-pulse ratio, which reflects
release probability, is not different among the three types
of climbing fibres in a condition in which postsynaptic
AMPA receptors should not be saturated (i.e. with a low
external Ca?" concentration; Hashimoto & Kano
2003). Therefore, it is concluded that the number of
functional release sites facing a narrow postsynaptic
region of Purkinje cell is smaller in the weaker climbing
fibres than in the strongest climbing fibre.

In addition to functional differences, we show that
the innervation territories over Purkinje cell dendrites
are different between the strongest and weaker climbing
fibres. We also show that Ca®?" signals elicited by
stimulating the strongest climbing fibres spread over the
whole dendritic trees, indicating that these climbing
fibres form synaptic contacts in a similar manner to
mono-innervating mature climbing fibres in the adult
(Konnerth ez al. 1992; Miyakawa et al. 1992; Hashimoto
et al. 2001a). By contrast, Ca®" signals elicited by
stimulating weaker climbing fibres were confined to the
most proximal parts of the dendritic trees (Hashimoto &
Kano 2003). This result indicates that synapses formed
by weaker climbing fibres are confined to the proximal
part of dendrites near the soma.

(b) Elimination of redundant climbing

fibre synapses

Earlier studies in the 1970s and 1980s clarified that
multiple innervation persists into adulthood in several
spontaneously occurring mutant mice that are devoid
of granule cells or have a defect in parallel fibre
synaptogenesis. These mice include reeler (Mariani
et al. 1977), weaver (Crepel & Mariani 1976;
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Puro & Woodward 1977) and staggerer (Crepel er al.
1980; Mariani & Changeux 1980). The multiple
innervation also persists in the animals whose migrating
granule cells are destroyed by X-ray irradiation
(Woodward er al. 1974; Crepel et al. 1981) or by
infection of a mink enteritis virus (Benoit ez al. 1987).
These results suggest that the regression of surplus
climbing fibres is critically dependent on the normal
formation of granule cell to Purkinje cell connections
(Crepel 1982; Lohof et al. 1996). Moreover, an analysis
of the developmental course of multiple innervation in
X-ray irradiated rats revealed that there are at least two
distinct phases in climbing fibre elimination process
(Crepel et al. 1981). In these rats, initial climbing fibre
innervation and subsequent elimination until P8 are
normal, but further regression of climbing fibres does
not progress in the following period (Crepel ez al. 1981).
This indicates that the early phase of synapse elimination
is independent of the formation of granule cell to
Purkinje cell connection, but the late phase is critically
dependent on it. This notion is confirmed by the analysis
of a GIluRd2 knockout mouse. GluRd2 belongs to a
family of ionotropic glutamate receptors, which is
expressed selectively in Purkinje cells (Araki er al
1993; Lomeli er al. 1993; Takayama et al. 1996;
Landsend er al 1997). In the GluR32 null mutant
mice, the density of parallel fibre synapses is less than half
of that of the wild-type mice, whereas the abnormalities
in cerebellar structures, Purkinje cell dendrites and
granule cell density are mild (Kashiwabuchi ez al. 1995;
Kurihara ez al. 1997). Kashiwabuchi ez al. (1995) showed
that the climbing fibre synapse elimination was impaired,
supporting that parallel fibre synapse formation is
essential for the climbing fibre synapse elimination. In
addition, Hashimoto and co-workers revealed that the
spatial pattern of climbing fibre innervation over
Purkinje cell dendrites was abnormal in the GIluRd2
knockout mice. In the adult cerebellum, parallel fibres
and a climbing fibre normally make synapses on distal
and proximal dendrites, respectively. In the GIluRd32
knockout mice, climbing fibres invade into the distal
dendrites and form ectopic synapses there (Hashimoto
er al. 2001a; Ichikawa et al. 2002). These ectopic
climbing fibre synapses appear around P10 when parallel
fibre synapse formation and Purkinje cell dendritic
arborization occur most vigorously. A similar type of
multiple climbing fibre innervation was also found in a
mutant mouse deficient in cerebellin in which parallel
fibre to Purkinje cell synapse formation is severely
impaired (Hirai ez al. 2005). These results suggest that
parallel fibres compete with climbing fibres for
the innervation territory during development and play
a role in restricting climbing fibre innervation to
proximal dendrites.

(¢) Parallel fibres activate mGluR1 signalling
cascades for driving the regression of surplus
climbing factor synapses

Another role of parallel fibre synapse is to activate
mGluR1 and its downstream signalling cascades in the
Purkinje cell to drive the process of climbing fibre
synapse elimination. Kano, Hashimoto and co-workers
show that the mutant mice deficient in mGluR1, G,g,
PLCP4 or PKCy are all impaired in climbing fibre
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synapse elimination (Kano ez al. 1995, 1997, 1998;
Offermanns ez al. 1997; Hashimoto et al. 2000, 20015;
Ichise ez al. 2000). Levenes et al. (1997) also reported
incomplete synapse elimination in the mGIluR1 knock-
out mice. In these mice, the regression of climbing fibre
synapse normally occurs until around P10, indicating
that the early phase of climbing fibre synapse
elimination (Crepel et al. 1981) is independent of
these signalling molecules. However, these mice display
an abnormality in synapse elimination thereafter.
These results suggest that the signalling cascade from
mGluR1 to PKCy is essential for the late phase of
climbing fibre synapse elimination. Importantly, the
formation and function of parallel fibre to Purkinje cell
synapses are normal in these mutant mice, indicating
that the multiple climbing fibre innervation is not
caused secondarily by the defect in parallel fibre
synaptogenesis.

The defect of the climbing fibre synapse elimination
in the mGIluR1 knockout mice is restored in mGluR1-
rescue mice in which mGluR1a has been introduced
specifically into Purkinje cells (Ichise er al. 2000).
Regression of climbing fibre synapses is impaired in
mice by Purkinje cell-specific expression of a PKC
inhibitor peptide (De Zeeuw et al. 1998). Further-
more, the distribution of multiply innervated Purkinje
cells in the PLCB4 knockout mouse cerebellum exactly
matches that of the Purkinje cells predominantly
expressing PLLCB4 in the wild-type mouse cerebellum
(Kano ez al. 1998; Hashimoto ez al. 2000).These lines
of evidence clearly indicate that the signalling from
mGluR1 to PKCy in Purkinje cells but not other cell
types plays a central role in mediating climbing fibre
synapse elimination.

Although mGluR1 is concentrated at perisynaptic
annuli of the postsynaptic Purkinje cell spines facing
parallel and climbing fibre terminals (Baude ez al. 1993;
Nusser er al. 1994; Petralia ez al. 1998; Lopez-Bendito
et al. 2001), mGluR1 activation at parallel fibre
synapses appears to be important for the late phase of
climbing fibre synapse elimination. This could be
correlated to the fact that mGIluR1 can readily be
activated by parallel fibre inputs (Finch & Augustine
1998; Takechi ez al. 1998) but hardly by climbing fibre
inputs without blockade of glutamate transporters
(Dzubay & Otis 2002). Furthermore, we demonstrate
that chronic blockade of NMDA receptors within the
cerebellum specifically impairs the late phase of
climbing fibre synapse elimination (Kakizawa et al
2000). Because NMDA receptors are not present at
excitatory synapses of Purkinje cells but are abundantly
expressed at mossy fibre to granule cell synapses, the
chronic blockade of NMDA receptors within the
cerebellum should affect mossy fibre to granule cell
transmission. These results suggest that neural activity
along mossy fibre (granule cell) and parallel fibre
(Purkinje cell) pathway, and subsequent activation of
mGluRl1 is a prerequisite for the late phase of climbing
fibre synapse elimination (Kakizawa ez al. 2000).

Figure 3 illustrates the current model for mechani-
sms underlying the late phase of climbing fibre synapse
elimination. First, parallel fibre synapses confine the
climbing fibre innervation sites to the proximal
dendrites of Purkinje cells. Second, parallel fibre
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Figure 3. Contribution of mGIluR1 to synapse elimination during cerebellar development. Elimination of redundant climbing fibre
synapses on Purkinje cells consists of two phases, the early phase (until P10) and the late phase (P10—P20) in mice. The mGluR1
signal is required for the late phase. Neural activity along mossy fibre (granule cell) and parallel fibre (Purkinje cell) pathway, which
is gated by NMDA receptor at the mossy fibre to granule cell synapses, drives the mGIluR1 signalling cascades in Purkinje cells.
Subsequently, the downstream signalling cascade involving Gy, PLCP4 and PKCy is activated and, through unknown
mechanisms, it facilitates the elimination of weaker climbing fibre synapses while leaving stronger climbing fibre synapses intact.
AMPAR, ¢-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; NMDAR, N-methyl-D-aspartate receptor.

activity involving NMDA receptor at mossy fibre to
granule cell synapses drives mGIluR1 to PKCy
signalling cascades in the Purkinje cells to eliminate
weaker climbing fibres. The signalling molecules
downstream of PKCy are currently unknown. Further-
more, we know little about the molecular mechanisms
underlying the morphological elimination of the weaker
climbing fibres. Some mechanisms must convey trans-
synaptic retrograde signalling from Purkinje cells to
weaker climbing fibres. One possibility would be that
some cytokines such as insulin-like growth factor 1
(IGF-1) supports climbing fibre synapses (Kakizawa
et al. 2003); the climbing fibres that do not receive a
large enough amount of such cytokines may undergo
regression. Another possibility would be that climbing
fibre synapses may be maintained by protein—protein
interaction between surface-expressed proteins such as
cell adhesion molecules; disruption of such interaction
may lead to the regression of climbing fibres.

5. CONCLUSION

In this article, we have made an overview of the three
functional roles of mGluR1 in cerebellar Purkinje cells:
LTD at parallel fibre to Purkinje cell synapses;
endocannabinoid-mediated retrograde suppression of
transmitter release; and climbing fibre synapse elimina-
tion during post-natal development. Japanese neuro-
scientists have made seminal contributions to the
discovery and the elucidation of the mechanisms of
these phenomena. Based on the theory that LTD
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underlies cerebellar motor learning, Ito demonstrated
LTD experimentally and paved a way to the subsequent
researches on LTD. The presence of metabotropic
glutamate receptor was first demonstrated by Sugiyama
and co-workers, and the molecular identity and
functions of mGluR family receptors were clarified by
Nakanishi and his pupils. In collaboration with Aiba who
created the mGIluR1 knockout mouse and the mGluR1-
rescue mouse, we elucidated that mGluR1 signal
transduction in the Purkinje cell is crucial for LTD
induction. We also discovered the mGluR1-mediated
endocannabinoid release and resultant retrograde sup-
pression of transmitter release. Finally, we show that
mGluR1 signal transduction in the Purkinje cell is
indispensable for the elimination of redundant climbing
fibre synapses that occurs during second and third post-
natal weeks in mice. The massive outcome in this field is
due to the efforts of Japanese scientists from various
disciplines including neurophysiology, neuroanatomy,
neuropharmacology, molecular biology, computational
neuroscience and genetic engineering.
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